INTRODUCTION
============

The development of a novel therapeutic or prophylactic against one of the world's most common pathogens, herpes simplex virus (HSV), has been under extensive investigation in recent years with hopes of ultimately finding a more effective way to treat the infection ([@R1]). Herpesviridae is a family of double-stranded DNA--enveloped viruses that encompasses some of the most widespread viruses among the human population ([@R2]). Among these is HSV, which has two serotypes: HSV-1 and HSV-2. HSV-1 is the leading cause of infectious blindness, and HSV-2 is associated with genital lesions and warts ([@R3], [@R4]). Notably, it is estimated that more than a third of the world population currently suffers from HSV infection ([@R2]--[@R4]). In addition, HSV infection has been implicated with increased risk of contracting other sexually transmitted diseases (STDs), such as HIV and human papilloma virus, and, as a result, has garnered much attention in the recent years ([@R1], [@R5]--[@R8]).

The most common mode of treatment for HSV infection includes daily dosing of orally administered acyclovir (ACV) ([@R9]). While this treatment is effective in most cases, various reports have shown that long-term systemic use of ACV results in resistance against the drug and may cause renal injury ([@R9]--[@R11]). Sustained delivery of pharmacologically active ACV is also an issue, and drug efficacy is often compromised because of this problem. While topical medications in the form of ganciclovir (ACV analog) gels and trifluridine (TFT) have been used for HSV infection, they have shown low retention time on corneal and vaginal surfaces and require repeated dosing (6 to 10 times daily) ([@R12]). To provide a better alternative, experimental treatments such as antibodies ([@R13]), peptides ([@R14], [@R15]), small-molecule inhibitors ([@R16], [@R17]), aptamers ([@R18]), and nanoparticles ([@R19]--[@R22]) have been tested. While most demonstrated effective antiviral activity against HSV both in vitro and in vivo, they all also suffer from low retention time and delivery issues on mucosal surfaces ([@R23]--[@R27]). A simple yet effective way of resolving this problem is to develop a topical treatment that protects the site of infection while providing antiviral relief for an extended period.

In this study, we used highly porous activated carbon (HPAC) particles as a model for restricting HSV-1 and HSV-2 from entering target cells. Charcoal black is a common ingredient used in the cosmetic industry, especially for the eye ([@R8], [@R28]). Traditionally, black soot obtained from burning clarified butter was used as an eyeliner and is still used today in various cultures across the world ([@R28], [@R29]). We hypothesized that charcoal in its surface-active form could trap the virions and provide antiviral effects. In line with our hypothesis, our studies demonstrate the antiviral activity of HPAC. In addition, synergy studies with ACV revealed that ACV may be adsorbed and/or is encapsulated in HPAC, resulting in a sustained release of ACV that generates a stronger therapeutic effect. We termed this antiviral drug delivery platform as drug-encapsulated carbon (DECON) and demonstrate that DECON can provide better therapeutic efficacy via sustained release of ACV, and given its nontoxic nature and kidney function--related benefits, it can also circumvent renal toxicity issues ([@R30], [@R31]) associated with ACV ([@R32]). Our results raise a strong possibility that DECON can be a novel delivery platform for many drugs for human/nonhuman diseases.

RESULTS
=======

HPAC inhibits HSV from entering cells
-------------------------------------

To understand whether HPAC was able to trap viruses in its pores, we conducted a reporter-based virus entry assay using a prophylactic treatment model. Various cell types were prophylactically treated for 90 min with HPAC, followed by HSV-1 or HSV-2 infection at a multiplicity of infection (MOI) of 10 for 6 hours. A 40 to 60% reduction in HSV-1 and HSV-2 entry was shown using concentrations of HPAC as low as 1 mg/ml ([Fig. 1, A and D](#F1){ref-type="fig"}). The half maximal inhibitory concentration (IC~50~) value of HPAC during HSV-1 and HSV-2 infection in prophylactic treatment was found to be 0.8 and 1 mg/ml, respectively. These values are substantially below the clinically accepted half maximal toxicity concentration (TC~50~) value of HPAC (\>50 mg/ml), making them a viable material for inhibiting virus entry. We calculated the selectivity index (SI = TC~50~/IC~50~) for HPAC in the prophylactic model for HSV-1 and HSV-2 as 62.5 and 50, respectively.

![Prophylactic, neutralization, and therapeutic efficacy of HPAC.\
(**A**) Fluorescence imaging of green fluorescent protein (GFP)--HSV-1-- and GFP--HSV-2--infected human corneal epithelial cells (HCEs) or HeLa cells treated with HPAC (1 mg/ml) prophylactically. (**B**) GFP HSV-1 and HSV-2 viruses were neutralized with HPAC (1 mg/ml) before its application to HeLa cells, and the viral entry was measured. Blue, 4′,6-diamidino-2-phenylindole; red, phalloidin staining of actin; green, GFP virus. (**C**) HCEs and HeLa cells were infected with HSV-1 and HSV-2, respectively, for a period of 2 hours before the addition of mock phosphate-buffered saline (PBS) or HPAC at 1 mg/ml. Twenty-four hours after infection, fluorescence images were taken to understand the extent of viral spread in HPAC-treated samples compared to mock. Green, 17 GFP HSV-1 or HSV-2 333 GFP virus. Viral entry for prophylactic (**D**) and neutralization treatments (**E**) was quantified using a β-galactosidase reporter virus. (**F**) Intracellular viral load for HPAC therapeutic treatment was quantified using a plaque assay. PFU, plaque-forming units. Representative immunoblots of HSV-1 (**G**) or HSV-2 gB (**H**) protein and human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from infected HCEs or HeLa cells treated with varying concentrations of HPAC. (**I**) Toxicity of HPAC in vitro was evaluated by MTT \[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide\] assay after the incubation of multiple concentrations of HPAC with HCEs, HeLa cells, VK2s (vaginal epithelial cells), and HFFs (human foreskin fibroblasts) for 24 hours. (**J**) Optical density measurements were performed by serially diluting HPAC in a 96-well plate and measuring the optical absorbance at 650 nm. Lower absorbance corresponds to a clearer solution. Data are presented as means ± SD. Significance to mock-treated cells was determined by one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparisons test (*n* = 3 replicates). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.](aax0780-F1){#F1}

HPAC traps HSV particles
------------------------

To determine the underlying mechanism of HPAC in inhibiting HSV-1 and HSV-2, we incubated green fluorescent protein (GFP) virus with HPAC for a period of 30 min. Following incubation, HPAC was separated from non-neutralized virus in the supernatant and overlaid on HeLa cells. Six hours after infection, centrifuged HPAC pellet (fig. S1) and HeLa cells infected with supernatant virus ([Fig. 1C](#F1){ref-type="fig"}, right) were fixed and imaged. Given the highly porous and active nature of HPAC's surface, we hypothesized that it would be able to efficiently trap the virus in its nanopores. As expected, HPAC neutralization contained significantly lower virus compared to mock-neutralized virus. In addition, we performed an entry assay similar to the one explained in the previous section using a β-galactosidase reporter virus. The results from the entry assay confirmed that HPAC efficiently bound the virus and restricted viral entry into cells. This confirms that HPAC at a concentration of 1 mg/ml inhibits virus entry by trapping the virus in its nanopores ([Fig. 1, B and E](#F1){ref-type="fig"}).

HPAC treatment shows therapeutic efficacy
-----------------------------------------

To further investigate the antiviral potential of HPAC treatment, we first infected cells with HSV-1 and HSV-2 at 0.1 MOI and then therapeutically treated them with HPAC. Cells were imaged ([Fig. 1C](#F1){ref-type="fig"}), and the cell lysates that were collected from these samples at 24 hpi (hours post infection) were used as inoculants for plaque assays to determine intracellular viral load. We observed that the number of plaques for HPAC-treated samples was significantly fewer than that for mock-treated samples ([Fig. 1F](#F1){ref-type="fig"}). Supernatants collected from this experiment were used to determine the released virus load (fig. S2). Immunoblotting for the presence of HSV-1 and HSV-2 glycoprotein B (gB) (viral protein) indicated a significant reduction (\>50%) in gB bands when cells were treated with HPAC (0.5 mg/ml) compared to mock-treated controls ([Fig. 1G](#F1){ref-type="fig"}). Furthermore, the same experimental setup was implemented again, this time using the cell lysates.

HPAC is biocompatible and nontoxic
----------------------------------

To determine the viability of cells in the presence of HPAC, an MTT \[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide\] assay was conducted on human corneal epithelial cells (HCEs), human foreskin fibroblasts (HFFs), vaginal epithelial cells (VK2s), and HeLa cell lines. Evidently, no significant toxic effect or loss in cell viability was observed when HPAC was used at concentrations as high as 10 mg/ml ([Fig. 1I](#F1){ref-type="fig"}). All the concentrations used showed cell viability greater than 75%, proving no cytotoxic effects in HCEs, HFFs, VK2s, and HeLa cell lines when HPAC is used at a size of about 1 μm.

Furthermore, we wanted to understand whether the addition of HPAC to ocular tissue causes visual obstruction. In this regard, we performed an indirect measure by analyzing optical densities of HPAC at various concentrations within the visual spectrum (400 to 700 nm). We observed that the optical density of HPAC was near zero under the concentration of 0.5 mg/ml for all measurable wavelengths ([Fig. 1J](#F1){ref-type="fig"} and fig. S3).

HPAC treatment does not induce host cytokine response
-----------------------------------------------------

While the ability of HPAC to trap viruses was evident from entry assays, we sought to further probe its effect on host cytokine response. Previous studies on nanoparticles have shown that their prolonged surface attachment could instigate cytokine production and, in turn, create disease-like effects ([@R33]--[@R36]). In addition, many nanoparticle- and microparticle-based antivirals inhibit viral replication/entry through up-regulation of cytokines such as interferon-α (IFN-α), IFN-β, and tumor necrosis factor--α (TNF-α) ([@R34]). To evaluate this potential effect with HPAC, we probed for common host-triggered antiviral markers through quantitative reverse transcription polymerase chain reaction (PCR). HCEs and HFFs treated with HPAC for a period of 24 hours did not elicit this response when compared to mock-treated or HSV-1/2--infected samples (figs. S4 and S5). While these results do not support the notion that HPAC treatment elevates host immune response, it does indicate that repetitive HPAC application does not result in interferon elevation.

HPAC encapsulates drugs with high loading efficiency
----------------------------------------------------

Next, we sought to test whether HPAC particles can improve efficacy or generate synergy when combined with a U.S. Food and Drug Administration (FDA)--approved treatment such as ACV. Given their surface-active properties, HPAC particles (1 mg/ml) were incubated with ACV (100 μg) solution for a period of 12 hours to enable drug loading. At the end of incubation, HPAC particles were centrifuged, and the loading concentration was determined via the following standard formula$$\text{Loaded\ drug} = \text{Total\ drug} - \text{Remaining\ drug}$$

To our surprise, we found greater than 99% drug loading of HPAC when incubated with ACV ([Fig. 2A](#F2){ref-type="fig"}). A negligible amount of ACV was detected in the supernatant of the HPAC-drug mix, indicating that almost 100% of ACV was loaded into the HPAC particles forming a DECON particle ([@R37], [@R38]).

![ACV release from DECON is triggered by the addition of virus.\
ACV (100 μg) dissolved in dimethyl sulfoxide (DMSO) was added to 1 ml of HPAC (1 mg/ml) and incubated overnight to estimate drug loading. (**A**) ACV standard curve generated by ultraviolet (UV) absorbance at 252 nm. (**B**) ACV release from HPAC was measured by dispersing DECON in minimum essential medium (MEM) at 1 mg/ml dilution for 7 days, and readings were taken every day to estimate the amount of ACV release from DECON. (**C**) DECON was dispersed in seven individual tubes containing MEM at 1 mg/ml dilution and incubated at 37°C. Each day for 7 days, a single tube was taken and centrifuged at 14,000*g* for 5 min. Two microliters of the supernatant was used to estimate ACV concentration via a UV spectrometer. Five hundred microliters of the supernatant was overlaid on HSV-1--infected HCEs to test the antiviral efficacy. DECON pellet was washed and dispersed in fresh 1-ml MEM before adding it to the HSV-1--infected cells. Representative fluorescence images of HSV-1--infected cells treated with the supernatant (top) or DECON pellet (bottom) on days 2, 4, and 7. Green represents 17 GFP HSV-1 virus. Scale bar (similar for all images), 100 μm. (**D**) Flow cytometry was conducted on the aforementioned experiment. Briefly, HCEs infected with HSV-1 17 GFP virus were overlaid with either released ACV or ACV-loaded DECON taken on either day 2, 4, or 7. Twenty-four hours after infection, cells were washed, resuspended, and fixed with 4% paraformaldehyde before they were analyzed through a BD Accuri C6 flow cytometer. Noninfected (GFP-negative) cells were used as negative control and infected-nontreated (GF-positive) cells were used as positive control. The panel on the right side indicated in green color represents the number of cells infected in each treatment group. X-axis indicates fluorescence. Cells to right of dashed line show fluorescence exceeding that of negative controls. (**E**) Representative immunoblots (top) and quantification (bottom) from samples treated with supernatant or DECON pellet on respective days. \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001. (**F**) Varying concentrations of purified virus and cell debris were added to fresh DECON (1 mg/ml) to estimate whether they triggered ACV release from DECON. Samples were incubated at 37°C for 15 min before they were centrifuged, and UV absorbance readings were recorded at 252 nm on the supernatants to estimate ACV release from DECON. (**G**) Burst and sustained release profiles for DECON. DECON dispersed at 1 mg/ml in MEM was either sonicated, heated at 90°C for 5 min, or incubated with purified virus or cell debris. ACV release was estimated using the supernatants from these samples for a period of 24 hours.](aax0780-F2){#F2}

After multiple washes, we tested DECON particles for their drug release characteristics when incubated in phosphate-buffered saline (PBS) or minimum essential medium (MEM) alone. Unexpectedly, DECON particles did not release any significant amount of ACV into the surrounding media over an incubation period of 48 hours. To further test sustained drug release, we incubated DECON particles with 1 ml of MEM for a period of 7 days, and samples of the released drug were collected every day via centrifugation. Supernatants collected from the samples were analyzed for the presence of ACV followed by their addition to HCEs infected with HSV-1. Similarly, the pellets were resuspended in MEM and added to HSV-1--infected cells. If a significant amount of ACV was released into the MEM over a period of 7 days, then there would be a quantifiable antiviral activity associated with the supernatant or the pellet. To our surprise, while ultraviolet (UV) measurement showed only a release of 9 μM ACV into the media over a period of 7 days ([Fig. 2B](#F2){ref-type="fig"}), the overlaid supernatant showed minimal antiviral activity in HSV-1--infected HCEs \[[Fig. 2](#F2){ref-type="fig"}, C (top), D, and E\]. However, the media containing the pellet of DECON particles showed potent antiviral activity \[[Fig. 2](#F2){ref-type="fig"}, C (bottom), D, and E\]. This surprised us because although DECON was not passively diffusing ACV into its surrounding media, it showed a potent antiviral activity when added to HSV-1--infected cells.

Drug release in DECON is triggered by the addition of virus
-----------------------------------------------------------

In the previous section, we made the observation that DECON did not passively release drug into the surrounding media. This led us to hypothesize that DECON was interacting with the virus or cellular surface, triggering the release of the drug. To test this hypothesis, we conducted a series of experiments involving the addition of purified virus and cell debris to DECON. First, we added increasing amounts of cell debris and purified virus to the DECON. Unexpectedly, their addition triggered the release of ACV (UV absorption at 252 nm) in a dose-dependent manner ([Fig. 2F](#F2){ref-type="fig"}). In the previous section, we noted that HPAC is able to trap viruses in its pores and attach to cells; it is for this reason that the cellular and viral components could competitively bind the surface of DECON, dislodging ACV from its pores. We also observed that heating DECON to 90°C for 5 min or sonicating it for 20 s released most of the ACV ([Fig. 2G](#F2){ref-type="fig"}).

To further investigate whether DECON releases ACV over a period of time in a sustained fashion, we incubated lower concentrations of purified virus and cell debris with DECON for a period of 24 hours. As expected, the addition of virus and cell components was able to release significant amounts of ACV by 24 hours ([Fig. 2G](#F2){ref-type="fig"}). Incubation with purified virus triggered the release of approximately 50 μM ACV over a period of 24 hours, a concentration recommended for potent antiviral activity in vitro.

DECON particles restrict HSV infection in vitro at low concentration
--------------------------------------------------------------------

From the previous section, we were able to understand that DECON does not release the trapped drug passively; however, it releases ACV in a sustained manner when incubated with virus or cells. To comprehensively test the efficacy of drug release and resulting antiviral activity of DECON particles, we used a prophylactic and therapeutic model of treatment on HCEs followed by HSV-1 infection in vitro.

During prophylactic treatment, we observed no viral protein or viral replication in DECON-treated cells compared to HPAC alone or mock-treated samples at 0.1 mg/ml concentration ([Fig. 3, A to C](#F3){ref-type="fig"}). Furthermore, HCEs treated with DECON did not show any signs of toxicity and were well tolerated. The antiviral efficacy of DECON particles was tested at various concentrations starting from 0.05 to 0.5 mg/ml, and we found that DECON had an IC~90~ at 0.08 mg/ml. DECON addition was as effective as ACV alone even when the drug administration was carried out 24 hours after initial HSV infection (fig. S6). Last, we tested the efficacy of DECON on other Herpesviridae viruses including HSV-2, pseudorabies virus (PRV), and bovine herpes virus (BHV) ([Fig. 3, D to F](#F3){ref-type="fig"}). ACV-loaded DECON was able to curb viral replication by multiple log~10~-fold.

![Prophylactic or therapeutic use of DECON protects from herpes infections in vitro.\
(**A**) Fluorescent images showing extent of HSV-1 infection (green) in HCEs treated with either ACV-loaded DECON, DMSO-loaded DECON, HPAC alone, mock DMSO, prophylactically added ACV, or therapeutically added ACV. Scale bar (similar for all images), 100 μm. (**B**) Flow cytometry conducted on the samples at 24 hpi showing the extent of cells infected with HSV-1 GFP. Cells to right of dashed line show fluorescence exceeding that of negative controls. (**C**) Representative immunoblots (top) and quantification (bottom) for samples showing HSV-1 gB protein in comparison with GAPDH for HSV-1--infected HCEs at 24 hpi. (**D** to **F**) Plaque assay data showing extent of virus inhibition by DECON in comparison to ACV, HPAC, and mock DMSO for HSV-2, PRV, and BHV for intracellular virus collected 24 hpi. Data are presented as means ± SD. Significance to mock-treated cells was determined by one-way ANOVA followed by Dunnett's multiple comparisons test (*n* = 3 replicates).](aax0780-F3){#F3}

Single topical dose of DECON on alternate days restricts HSV-1 replication in vivo
----------------------------------------------------------------------------------

Next, we looked at the in vivo efficacy of DECON treatment in mice while also optimizing the dosing and administration. Since DECON sticks to the cells and releases drug upon viral infection, we hypothesized that when DECON is administered in vivo, alternate days of treatment would suffice to restrict viral replication. To compare the efficacy of DECON with existing topical antivirals, we used TFT as control along with HPAC and mock PBS treated in a murine model of ocular infection. Treatments were started day 1 after infection and administered every alternate day for 11 days. Our results showed that except for DECON, none of the other topical treatments were able to restrict viral replication ([Fig. 4A](#F4){ref-type="fig"}). Note that the concentration of DECON used in this experiment was as low as 0.1 mg/ml, which had low to no visual obstruction, as shown in [Fig. 4B](#F4){ref-type="fig"}. The reduction in viral replication was observed by plaque assays conducted using ocular washes collected on days 2, 4, and 7 after infection ([Fig. 4C](#F4){ref-type="fig"}). Up to 20% of TFT, 60% of HPAC, and 80% of mock-treated mice succumbed to death by day 15 ([Fig. 5D](#F5){ref-type="fig"}). DECON treatment was observed to be very effective where the mice showed no signs of blepharitis or corneal keratitis or any disease score during the period of infection ([Fig. 4E](#F4){ref-type="fig"}). It is pertinent to note that murine eyes treated with DECON were healthy and did not show any signs of local tissue inflammation when compared to those infected with HSV-1 ([Fig. 4F](#F4){ref-type="fig"} and fig. S7). Draining lymph nodes collected from these mice showed that mice treated with DECON did not elicit any germinal response (increase in lymph node size) in the presence or absence of infection ([Fig. 4, G and H](#F4){ref-type="fig"}). Furthermore, no decline in the corneal sensitivity was observed for mice treated with DECON ([Fig. 4I](#F4){ref-type="fig"}). These results indicate that ACV delivery through our novel DECON platform can reduce the number of times these topical antivirals need to be administered.

![Alternate-day ocular dosing with DECON curbs HSV-1 in a murine model of ocular infection.\
C57BL/6 mice (four groups; *n* = 5) were infected with HSV-1 McKrae on day 0. ACV-loaded DECON, TFT, HPAC, or DMSO was topically administered on alternate days for a period of 11 days. (**A**) Stereoscope images of the ocular region taken on days 0, 7, and 14 for mice infected and treated as stated above. (**B**) Representative image of the DECON concentration used for this set of experiments (top) is shown. (**C**) Ocular washes were collected on days 2, 4, and 7 and analyzed for the presence of virus through plaque assays. (**D**) Kaplan-Meier survival curves for the infected and treated mice. (**E**) Disease scores (0 to 4; 4 being severe) taken on days 2, 4, 7, 10, 14, and 21 were scored in a blinded fashion. (**F**) Mice were euthanized on day 21, and their eyes were frozen in OPT (Optimal Cutting Temperature) medium for histology. Ten-micrometer sections of the eye for all the groups were taken and stained with hematoxylin and eosin stain. (**G** and **H**) Draining lymph nodes isolated from mice either mock-infected or HSV-1--infected and either mock-treated or DECON-treated were photographed and weighed. (**I**) Corneal sensitivity measured using a manual esthesiometer in mice (*n* = 5 per treatment group). Lower scores indicate loss in corneal sensitivity. (Photo credit: Tejabhiram Yadavalli, University of Illinois at Chicago)](aax0780-F4){#F4}

![Topical vaginal application of DECON on alternate days is as effective as daily systemic ACV dosing.\
Naïve BALB/c mice (three groups; *n* = 5 per group) were primed with medroxyprogesterone before intravaginal HSV-2 infection. Starting at day 1 after infection, mice were treated with either topical DECON (alternate days) or systemic ACV (5 mg/kg; every day) by intraperitoneal (IP) injections. (**A**) Representative stereoscope images of the murine genital region 0 and 7 days after infection. (**B**) Vaginal swabs collected on days 2, 4, and 7 were overlaid on Vero cells to estimate the extent of virus production through plaque assays. (**C**) Disease scores were given in a blinded fashion from 0 to 4, with 4 being severe. (**D**) Kaplan-Meier survival curves for the infected and treated mice. (**E**) Draining lymph nodes for the infected and treated mice were collected on day 21, washed, photographed, and weighed (**F**). (Photo credit: Tejabhiram Yadavalli, University of Illinois at Chicago)](aax0780-F5){#F5}

Intravaginal DECON administration is as effective as systemic ACV therapy during HSV-2 infection
------------------------------------------------------------------------------------------------

With the success of topical ocular therapy with DECON, we next investigated whether this delivery platform can be effective for vaginal HSV-2 infections as well. Naïve BALB/c mice were primed with medroxyprogesterone 5 days before intravaginal HSV-2 infection. Starting at day 1 after infection, mice were treated with either topical DECON or systemic ACV (5 mg/kg) by intraperitoneal injections. While systemic ACV was administered every day, DECON was administered intravaginally every other day. The genital area was imaged using a stereoscope on days 0 and 7 to visualize the extent of damage done to the site of infection. All the mice had equal amount of infection on day 2 after infection; however, we saw a steady reduction in viral titers on days 4 and 7 after infection for ACV-treated and ACV-loaded DECON--treated mice ([Fig. 5B](#F5){ref-type="fig"}). This was observed by the phenotype of infection and analyzed by plaque assays from vaginal swabs. Furthermore, we observed only slight inflammation for the ACV- and DECON-treated mice compared to mock-treated mice, which had severe inflammation and scarring of the vaginal and surrounding anogenital area ([Fig. 5C](#F5){ref-type="fig"}). In the mock-treated group, 60% of mice succumbed to death by day 14 after infection, while 20% of mice treated with systemic ACV and none of the DECON-treated mice succumbed to death ([Fig. 5D](#F5){ref-type="fig"}). The lymph nodes collected for DECON- and ACV-treated mice on day 14 after infection showed little to no increase in size, while mock-treated mice had predominantly large and inflamed lymph nodes ([Fig. 5, E and F](#F5){ref-type="fig"}). In conclusion, this confirms that alternate-day treatment with ACV-loaded DECON is as beneficial as a daily dose of systemic ACV to curb HSV-2 infection in the genital region.

DISCUSSION
==========

Activated charcoal is highly porous in nature and has a surface area far greater than any other nanoparticle or microparticle known to materials science ([@R39], [@R40]). Furthermore, carbonization at very high temperatures in the presence of steam activates every pore present on the surface of charcoal ([@R41], [@R42]). On average, the iodine absorption coefficient of activated charcoal is greater than 1, suggesting that it can absorb more iodine (or other effluent molecules) than its own weight ([@R41], [@R43]). Given this property, activated charcoal has been widely used in various industries including clinics and emergency medical departments. Clinically, it is used as emergency medication to treat drug overdose since it adsorbs specific drugs in large amounts, thereby preventing their absorption in the human gut ([@R44], [@R45]). Their role as scavenging systems for poison ingestion has proven to be a lifesaving emergency treatment ([@R45]). Activated charcoal is also currently available as a prescription-free dietary supplement for relieving gastric trouble and bloating of the stomach, although their efficacy has not been scientifically tested ([@R46]). Furthermore, owing to their toxin-scavenging properties, their use as gut cleansers in the health drink industry has also seen an upsurge ([@R47]).

Given activated charcoal's unique surface properties and its applications in cosmetics, we wanted to investigate not only its antiviral potential but also its possible use as a drug delivery platform. HPAC is generally regarded as safe for human use by the FDA and adverse effects due to their exposure have seldom been reported. Their TC~50~ value is considered well above 1 g/kg body weight for adults and 0.5 g/kg body weight for infants. This accounts for a TC~50~ value greater than 50 mg/ml of HPAC for human use ([@R48]). Pro-kidney health benefits also make activated charcoal an attractive platform for drug delivery, especially in cases where renal failure has been reported after the prolonged use of a drug such as ACV ([@R30]--[@R32], [@R49], [@R50]).

Few studies in the past have reported the use of activated charcoal in the treatment of STDs. A patent by The Procter & Gamble Company claimed a method of preventing pregnancy by administering a safe and effective amount of activated charcoal to the subject in need. They also claimed that activated charcoal could be used to prevent the transmission of STDs. However, their claim was limited to preventing bacterial infections such as *Chlamydia trachomatis* and *Neisseria gonorrhoeae* ([@R51]). In another study by Tominaga *et al.* ([@R52]), an unblinded prospective randomized controlled 10-day trial was designed to study 64 women with bacterial vaginosis. The study was divided into two groups where one group was treated with 100 mg of chloramphenicol and the other group was treated with transvaginal tampons dipped in 10% w/v activated charcoal solution. While both treatments successfully reduced the amount of vaginal secretion and showed significant improvements in the magnitude of malodor, 27 of 32 (84%) women from the group treated with chloramphenicol completely lost vaginal flora (lactobacilli). However, only 3.1% of those treated with activated charcoal lost vaginal flora, indicating a potentially promising treatment for this infection without adverse effects ([@R53], [@R54]).

We tested HPAC as a prophylactic and therapeutic treatment against both HSV-1 and HSV-2 infection. We found that HPAC was able to efficiently restrict viral entry into cells when added prophylactically (added before infection) to the cell surface. We further observed that when added therapeutically (added after infection), HPAC showed potent inhibition in viral spread and replication. Furthermore, we analyzed the efficiency of HPAC in (i) limiting cell-to-cell syncytial fusion using a virus-free transfection assay and (ii) trapping the virus using a neutralization entry assay. Results from these studies showed that HPAC not only was able to restrict syncytia formation but also trapped virus efficiently in its nanopores.

To test synergistic benefits as well as drug loading potential, we incubated ACV with HPAC (DECON). HPAC was able to efficiently absorb \~100% of the drug, leaving no traces of ACV in free solution. HPAC showed slight signs of drug release from its nanopores over an incubation period of 7 days. While the drug loading efficiency was promising for HPAC, drug release studies initially damped our enthusiasm regarding its applicability as a drug delivery agent. We then tested our DECON particles for antiviral activity and, to our surprise, saw that DECON exhibited antiviral efficacy whether added prophylactically or therapeutically to HSV-infected cells (both HSV-1 and HSV-2). In contrast, prophylactically added ACV did not elicit a robust antiviral response, unlike that observed when added therapeutically. The robust antiviral activity seen from DECON may be a result of its charged porous surface interacting with the cell's surface, inducing an active exchange of ions (Na^+^, K^+^, Ca^+^, Cl^−^, and OH^−^) and resulting in sustained or slow release of ACV from its pores. Alternatively, given that HPAC efficiently traps HSV, we showed that the addition of virus to DECON-treated cells triggers ACV release from its pores when virus is captured in them (fig. S8).

These results by DECON prompted us to perform antiviral efficacy studies in vivo in a murine model of ocular (HSV-1) and genital (HSV-2) infection. Typical anti-HSV studies administer compounds two to six times a day to achieve effective response. However, to show that DECON particles can effectively stick and deliver drugs over a prolonged period of time, we topically administered DECON on alternate days. As expected, we saw significant differences with reduced infection upon DECON treatment. For the ocular model of HSV-1 infection, groups treated with HPAC and TFT on alternate days did not show any significant reduction in viral replication when compared to mock-treated groups. Furthermore, DECON treatment during vaginal HSV-2 infection showed therapeutic efficacy equal to or better than systemically administered ACV. Note that while topical administration of DECON was effective when administered on alternate days, ACV treatment was effective only when administered every day for a period of 7 days. In conclusion, our drug delivery model (fig. S8) hypothesizes that when HSV (fig. S8, step 1 or 5) infects corneal/vaginal epithelium, the presence of DECON (fig. S8, step 2) helps capture the virus and releases the encapsulated drug (fig. S8, step 3), providing a dual protection (fig. S8, step 4) to the treated cells, while nontreated tissue gets infected (fig. S8, step 6), leading to viral shedding (fig. S8, step 7), which, in turn, causes inflammation and immune cell infiltration into the infected tissue (fig. S8, step 8).

MATERIALS AND METHODS
=====================

HPAC produced via carbonization of coconut shell at 1300°C, in the size range of 1 μm, was procured from US Research Nanomaterials Inc., TX, USA. Accordingly, aqueous solutions (10 and 1 mg/ml) were prepared by mixing required amounts of HPAC to sterile PBS. These HPAC powders are reported to have an iodine adsorption of 1380 mg/g and a specific surface area of 1360 m^2^/g. ACV was purchased from Selleckchem at 99% purity (50 mg) and used at a dilution of 50 mM in dimethyl sulfoxide (DMSO).

Cells and viruses
-----------------

Chinese hamster ovary (CHO-K1) cells were provided by P. G. Spear (Northwestern University). CHO-K1 cells were passaged in Ham's F12 medium (Gibco/BRL, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin (P/S) (Sigma-Aldrich). HeLa cells were provided by B. P. Prabhakar (University of Illinois at Chicago), which were passaged in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and 1% P/S. African green monkey kidney (Vero) cells and HCEs were provided by P. G. Spear (Northwestern University). Human VK2/E6 cells and HFFs were obtained from the American Type Culture Collection. Vero, VK2, and HFF cells were passaged in DMEM supplemented with 10% FBS and P/S. The HCE cell line (RCB1834 HCE-T) was obtained from K. Hayashi (National Eye Institute) and passaged in MEM (Gibco/BRL, Carlsbad, CA, USA) supplemented with 10% FBS and 1% P/S.

HSV-1 (17 GFP), HSV-2 (333 strain), HSV-2 GFP (333 strain, GFP variant), and β-galactosidase--expressing HSV-1 (gL86) and HSV-2 (333)gJ^−^ used in this study were provided by P. G. Spear's laboratory at Northwestern University. Virus stocks were propagated and titered on Vero cells and stored at −80°C. PRV and BHV were provided by G. Smith and R. Longnecker, respectively, from Northwestern University. Purification of virus was performed using a sucrose gradient method. Briefly, Vero cells were infected with HSV at an MOI of 0.1. Three days after infection, supernatants from these infected cells were collected and stored at 4°C while sucrose gradients were prepared. Sucrose gradient was prepared, carefully layering 10, 15, 30, and 60% aqueous sucrose solutions in a centrifuge tube. The virus supernatants were carefully poured on top of the sucrose gradient and spun at 26,000*g* for 1 hour at 4°C. A thin white virus layer that formed between the 30 and 60% sucrose gradient was carefully removed using a micropipette and poured into a separate centrifuge tube. This virus layer was washed two to three times with distilled water using high-speed centrifugation. After the final wash, the pellet was resuspended in PBS and titrated on Vero cells by a plaque assay.

MTT assay
---------

MTT viability assay on HCE VK2, HFF, and HeLa cell lines using various concentrations of HPAC was performed after 24 hours of incubation. Briefly, cells were plated at a density of 1 × 10^4^ per well in a 96-well plate overnight. The following morning, concentrations starting at 10 mg/ml were twofold serially diluted and added to cell monolayers in whole media for a period of 24 hours. At the end of incubation, MTT (0.5 mg/ml in whole media) was added to cells and incubated for a period of 3 hours to allow crystal formation. Acidified isopropanol (1% glacial acetic acid v/v) was added to cells to dissolve the formazan crystals. Dissolved violet crystals were transferred to a new 96-well plate and analyzed by a microplate reader (Tecan GENious Pro) at 492 nm. MTT assay was conducted under cell-free HPAC conditions, and their values were subtracted from the cell-mediated conditions to account for signal generated through oxidative degradation of MTT by HPAC alone.

Treatment models
----------------

HPAC was dispersed in Opti-MEM at 10 mg/ml concentration and used as stock for all the experiments. DECON was dispersed in Opti-MEM at 1 mg/ml concentration and used as stock for all the experiments.

### Prophylaxis

HPAC or DECON was added to a monolayer of cells at the required concentration 30 min before infection. Cell monolayer was washed twice with PBS before whole media with required HSV infection were added.

### Neutralization

HPAC or mock at the required concentration was incubated with HSV-1 or HSV-2 for a period of 30 min in an Eppendorf tube and mixed continuously in a tube holder before the contents were centrifuged at 10,000*g*. The supernatant was carefully removed without disturbing the pellet and added onto a monolayer of cells.

Viral entry assay
-----------------

β-Galactosidase--expressing viruses HSV-1 gL86 and HSV-2 (333)gJ^−^ at an MOI of 10 were used in this study. Cells were plated at a density of 1 × 10^4^ in 96-well plates overnight before use. Neutralization or prophylactic treatment using HPAC at concentrations of 1, 0.5, and 0.1 mg/ml was conducted before the cells were infected with the virus at 37°C. HSV-1 strain gL86 and HSV-2 strain gJ^−^ were allowed to infect cell monolayers for 6 hours, after which the cells were washed with PBS twice and 100 μl of soluble substrate *o*-nitrophenyl-β-[d]{.smallcaps}-galactopyranoside (3 mg/ml) was added to the cells along with 0.5% Nonidet P-40 in PBS. Enzymatic activity was measured by a microplate reader (Tecan GENious Pro) at 405/600 nm.

Immunoblotting
--------------

Cells were scraped and incubated with 100 μl of radioimmunoprecipitation assay buffer with protease phosphatase inhibitor \[Halt Protease and Phosphatase Inhibitor Cocktail (100×); Thermo Fisher Scientific\] for a period of 30 min on ice. Whole-cell protein extracts (supernatant) were collected by centrifuging the mixture at 13,500 rpm on a benchtop refrigerated (4°C) centrifuge for 15 min. Protein samples were quantified (Thermo Fisher Scientific Bicinchoninic Acid Kit), normalized, and then denatured in NuPAGE LDS Sample Buffer (Invitrogen, NP00007) and β-mercaptoethanol by heating them to 80°C for 10 min. The denatured protein samples were allowed to cool, and equal amounts of protein were added to 4 to 12% SDS--polyacrylamide gel electrophoresis loading gels and run at a constant speed at 70 V for 3 hours. The protein from the gel was then transferred to a nitrocellulose membrane using an iBlot 2 dry transfer instrument (Thermo Fisher Scientific, USA). Nitrocellulose membrane was blocked in 5% nonfat milk in tris-buffered saline and 0.1% Tween 20 (TBST) for 1 hour at room temperature. After the blocking step, membranes were incubated with anti--HSV-1 and anti--HSV-2 gB mouse monoclonal antibody (Abcam, 6506) or anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Proteintech, 10494-1-AP) antibody at dilutions of 1:1000 overnight at 4°C. The following day, the blots were washed multiple times with TBST before the addition of horseradish peroxidase--conjugated secondary immunoglobulin G antibody at dilutions of 1:10,000 at room temperature. Protein bands were visualized on an ImageQuant LAS 4000 imager (GE Healthcare Life Sciences) by the addition of SuperSignal West Pico maximum sensitivity substrate (Pierce, 34080). The density of the bands was quantified using ImageQuant TL image analysis software (version 7). GAPDH was measured as a loading control.

Plaque assay
------------

Cells infected with virus mentioned in the previous section were suspended in 500 μl of Opti-MEM and sonicated using a probe sonication system at 70% amplitude for 30 s. These sonicated cells were used as inoculants for a plaque assay to determine the total amount of infectious viruses released from the infected cells. In a typical experiment, Vero cells were plated at a seating density of 5 × 10^4^ per well in a 24-well plate. Upon confluency, the cell monolayers were washed with PBS, and supernatants (mentioned above) were used as inoculants of infection for a period of 2 hours. After completion of 2 hours, the cells were washed twice with PBS, and DMEM mixed with 0.5% methylcellulose was added. The plates were incubated for 72 hours at 37°C and 5% CO~2~ before they were fixed with methanol and stained with crystal violet to determine the extent of plaque formation. Plaques were counted using a microscope with 2× objective, and total plaque count was tallied with each other to determine the efficacy of activated charcoal treatment.

Quantitative PCR assay
----------------------

RNA from cells was extracted using TRIzol (Life Technologies) according to the manufacturer's described protocol. The thus obtained RNA was quantified using NanoDrop (Thermo Fisher Scientific, USA) and equilibrated for all samples with Molecular Biology Grade water (Corning, USA) before they were reverse-transcribed into complementary DNA (cDNA) using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Equal amounts of cDNA were analyzed via real-time quantitative PCR using Fast SYBR Green Master Mix on QuantStudio 7 Flex system (Applied Biosystems). The primers used in this study were as follows: GAPDH forward, 5′-TCCACTGGCGTCTTCACC-3′; GAPDH reverse, 5′-GGCAGAGATGATGACCCTTTT-3′; IFN-α forward, 5′-GATGGCAACCAGTTCCAGAAG-3′; IFN-α reverse, 5′-AAAGAGGTTGAAGATCTGCTGGAT-3′; IFN-β forward, 5′-CTCCACTACAGCTCTTTCCAT-3′; IFN-β reverse, 5′-GTCAAAGTTCATCCTGTCCTT-3′; TNF-α forward, 5′-AGCCCATGTTGTAGCAAACCC-3′; TNF-α reverse, 5′-GGACCTGGGAGTAGATGAGGT-3′.

Fluorescent virus infection model
---------------------------------

Mock, neutralization, and prophylactic treatments similar to those mentioned in earlier sections were conducted with an MOI of 50 using GFP fluorescent viruses. The infection was allowed to occur for a period of 90 min at 4°C followed by a brief incubation of 15 min at 37°C. This process allowed the virus to remain on the cell surface rather than enter the cell. After 15 min of incubation, the cells were fixed using 4% paraformaldehyde followed by nuclear (4′,6-diamidino-2-phenylindole) and actin (rhodamine-phalloidin) staining. The cells were visualized to understand the extent of infection reaching the cell surface. Five images per sample were procured and quantitatively analyzed for GFP fluorescence per image. The quantitative data would directly translate to the total amount of viral infection in a given area. The fluorescent intensity of all of the channels was kept constant, and the images were analyzed using MetaMorph Microscopy Automation and Image Analysis Software to quantitatively determine total intensity from the green channel.

Flow cytometry
--------------

Cells infected with GFP virus were collected 24 hpi using Hanks'-based, enzyme-free cell dissociation buffer (Gibco, 13150). Cells were washed once with PBS before they were fixed using 4% parafolmaldehyde (Electron Microscopy Sciences, USA) and suspended in fluorescence-activated cell sorting (FACS) buffer (PBS and 5% FBS). Cell suspensions were filtered through a 70-μm mesh, and cells were resuspended in FACS buffer before analyzing them using an in-house flow cytometer (BD Accuri C6 Plus). A total of 4 × 10^4^ cells were collected for each sample, and the analysis was performed using FlowJo (version 10).

ACV standard curve
------------------

Increasing amounts of ACV (Selleckchem, USA) dissolved in DMSO was suspended in PBS to make a concentration gradient. NanoDrop UV Spectrophotometer was used to determine the absorption peak of ACV at 252 nm. Typically, 2 μl of the desired solution was dropped onto the analysis port of the NanoDrop before closing the lid and starting the measurement. Each measurement was conducted thrice with three individual drops, and three separate replicates were used to determine the absorbance of every ACV concentration. The readings were noted down manually and entered into GraphPad Prism software to prepare the concentration versus absorbance curve.

Drug loading studies
--------------------

ACV (100 μg), dissolved in 50 μl of DMSO, was added to HPAC (1 mg/ml) and incubated at room temperature overnight on a 3D rocker (BioRocker 3D, Denville, USA). The mixture was centrifuged at 14,000*g* for 15 min to separate the drug-loaded HPAC particles from the free drug supernatant. Supernatant was analyzed for the amount of ACV using the UV spectrophotometer, as mentioned above. Three individual loading experiments were conducted to analyze the drug loading efficiency, and as-prepared DECON particles were stored at 4°C for further characterization.

Drug release studies
--------------------

### Passive release

Seven individual vials containing DECON particles (1 mg/ml) diluted in 1 ml of MEM were incubated at 37°C for up to 7 days. Every day, a single vial was removed and centrifuged at 14,000*g* for 15 min. The supernatant (2 μl) was used to analyze the ACV concentration using a UV spectrophotometer, as mentioned above. MEM was used as blank for these studies.

### Triggered release

For active drug release studies, purified virus (sucrose gradient purification) and cell debris (50 million HCEs sonicated in 1 ml of MEM) were used. Increasing concentrations of purified virus and cell debris were added to DECON (1 mg/ml) in MEM and incubated for a period of 15 min at 37°C before the mixtures were spun at 14,000*g*, and the supernatants were analyzed using the UV spectrophotometer for the presence of ACV. In parallel, DECON (1 mg/ml in MEM) was heated to 90°C using a preheated heat block for a period of 5 min before the samples were centrifuged and the supernatant was analyzed for ACV. In addition, DECON (1 mg/ml in MEM) was sonicated using a probe sonicator (Fisher Scientific, USA) at 30% amplitude for 40 s separated by a 5-s pause. The sample was then centrifuged at 14,000*g* before the supernatant was analyzed for ACV using a UV spectrophotometer.

### Sustained release

A total of 5 × 10^4^ PFU (plaque-forming units) of purified virus ([@R18]) or equivalent cell debris was added to 100 μl of DECON (1 mg/ml in MEM) and incubated at 37°C for a period of 24 hours. At set time intervals, 2 μl of supernatant from the vial was removed and analyzed for the concentration of ACV using a UV spectrophotometer.

In vivo ocular HSV-1 infection and treatment
--------------------------------------------

C57BL/6 mice, bred and housed at the university biological resource laboratory, were used for the ocular model of murine HSV-1 infection. Standard feed and water were provided to the mice with a 12-hour light/12-hour dark cycle with no more than five mice per cage. On day 0, 6- to 8-week-old mice were anesthetized, as described previously, before the application of a topical anesthetic (proparacaine hydrochloride, 0.5%). Corneal epithelial debridement was performed using a 30-gauge needle followed by the application of 5 × 10^5^ PFU HSV-1 (McKrae) to the eye. Topical treatments were performed on days 1, 3, 5, 7, and 9 after infection, while ocular washes and mice pictures (Carl Zeiss Stereoscope) were collected on days 2, 4, 7, and 10 after infection.

Corneal sensitivity recording
-----------------------------

Corneal sensitivity of mouse eyes was measured by a manual esthesiometer (12/100 mm; Luneau SAS, France). The esthesiometer consisting of a nylon filament 6 cm in length is applied to the center of the mouse cornea, and the pressure exerted was measured as blink response. At the highest length, if the mice blinked, it was considered most responsive, and the absence of a blink at the shortest length was considered least responsive. The length of the nylon filament was reduced 0.5 cm at a time to record the blink response. The measurement was taken in triplicate at 10-s intervals. The mice that did not respond were given an arbitrary score of 0. A high score indicates high/normal corneal sensitivity, while a low score corresponds to the absence or loss of corneal sensitivity.

In vivo vaginal infection and treatment
---------------------------------------

Naïve 4-week-old female BALB/c mice were purchased from the Jackson Laboratory (Bar Harbor, USA) and housed in the university biological resource laboratory for a period of 1 week for acclimatization before each one was subcutaneously injected with 2 mg of medroxyprogesterone (Depo-Provera). On day 5 after injection, mice were intravaginally infected with 1 × 10^6^ PFU HSV-2 (333 strain). Similar to the ocular model of infection, DECON was applied topically (intravaginally) on alternate days, while ACV (50 mg/ml in PBS) was administered via an intraperitoneal injection. PBS was applied intravaginally as mock treatment for the control group. Vaginal swabs were collected using a Calgiswab (Calcium Alginate Mini-tip Urethro-Genital Swab, Puritan) dipped in Opti-MEM (Gibco, USA). Images of the anogenital region were taken on day 0 and day 7 after infection using a Carl Zeiss stereoscope at 7.5× magnification.

Experiments involving animals were performed under a UIC (University of Illinois at Chicago)--approved protocol ACC 14-091. The mice were monitored for weight loss, and disease scores were recorded in a blinded fashion for 14 days. Sick mice were euthanized according to the Institutional Animal Care and Use Committee protocol followed by the collection of ocular/vaginal tissue and lymph nodes. Ocular wash and vaginal swabs were used to assess viral titers using a plaque assay.

Statistical analysis
--------------------

GraphPad Prism software (version 4.0) was used for statistical analysis of each group. *P* \< 0.05 and *P* \< 0.001 were considered as the significant differences among mock-treated and treated groups.

CONCLUSIONS
===========

In this study, we report a unique use of activated charcoal in topical drug delivery. In parallel, we show HPAC as an inhibitor of HSV-1 and HSV-2 viral entry and its subsequent effects on viral replication through prophylactic, neutralization, and therapeutic treatment models. Through immunoblotting techniques and fluorescent imaging, we confirm effective virus trapping of the virus by HPAC. Our treatments using DECON show a promising path toward a cost-effective way of drug delivery. Given that activated charcoal and ACV are FDA-approved products for use in humans and rated generally regarded as safe, we envision widespread development of DECON-based ACV and other topical treatments in the near future. The therapeutic model shown here against genital herpes would also pave the way for future DECON lubricants or gels that prevent and/or treat viral transmission during sexual intercourse. Furthermore, the affordable cost, facile synthesis, and known safety benefits would encourage usage in other dermatology indications and development of unique vanity products that simultaneously provide health and beauty benefits especially for patients with HSV who suffer from frequent outbreaks.
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Fig. S1. HPAC strongly binds to HSV-1 GFP virus.

Fig. S2. Extracellular virus--based plaque assay for HPAC therapy.

Fig. S3. HPAC does not cause a loss in visual acuity by blocking light.

Fig. S4. HPAC does not elevate interferons in HCEs.

Fig. S5. HPAC does not elevate interferons in HFFs.

Fig. S6. DECON is effective when added 24 hours after infection.

Fig. S7. DECON protects the murine cornea from HSV-1 infection.

Fig. S8. Graphical abstract showing DECON protecting cells against viral infection.

Fig. S9. Full-length blots for the Western blot shown in [Fig. 1 (G and H)](#F1){ref-type="fig"}.

Fig. S10. Full-length blots for the Western blot shown in [Fig. 3D](#F3){ref-type="fig"}.
